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Electrical conductivityAbstract In this study, Al2O3–H2O nanoﬂuids were synthesized using sodium dodecylbenzenesul-
fonate (SDBS) dispersant agent by ultra-sonication method. Different amounts of SDBS i.e. 0.1,
0.2, 0.3, 0.6, 1 and 1.5 wt.% were tested to stabilize the prepared nanoﬂuids. The stability of nano-
ﬂuids was veriﬁed using optical microscope, transmission electron microscope and Zeta potential.
After selecting the suitable amount of dispersant, nanoﬂuids with different volume fractions of
Al2O3 were prepared. Zeta potential measurement of nanoﬂuids with low alumina and intermediate
fractions showed good dispersion of Al2O3 nanoparticles in water, but nanoﬂuids with high mass
fraction were easier to aggregate. The stabilized nanoﬂuids were subjected for measuring of rheo-
logical behavior and electrical conductivity. The electrical conductivity was correlated to the ther-
mal conductivity according to Wiedemann–Franz law. The results revealed that the nanoﬂuid
containing 1% SDBS was the most stable one and settling was observed for the ﬂuid contained
0.75 vol.% of Al2O3 nanoparticles which gave higher viscosity. The rheological measurements indi-
cated that the viscosity of nanoﬂuids decreased ﬁrstly with increasing shear rate (shear thinning
behavior). Addition of nanoparticles into the base liquid enhanced the electrical conductivity up
to 0.2 vol.% of Al2O3 nano-particles after which it decreased.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center. This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
Recently, due to the development of nanotechnology and sur-
face science, many researches on nanoﬂuids have been actively
carried out. Nanoﬂuid is a kind of new engineering material
consisting of solid nanoparticles with sizes typically of
1–100 nm suspended in base ﬂuids. It does not only solve the
problems such as sedimentation, cohesion and corrosion which
conventionally happened in heterogeneous solid/liquid mixture
228 M.F. Zawrah et al.with milli-meter or micrometer particles, but also increase the
thermal performance of base ﬂuids remarkably [1–9]. Disper-
sion and stability are the essential characteristics for enhancing
the thermal conductivity of nano-ﬂuids. Uniform dispersion
and stable suspension of nanoparticles in liquids are the keys
for most applications of nanoﬂuids since their ﬁnal properties
are determined by the quality of dispersed state of the suspen-
sion [10–12]. Many researchers have reported the necessity of
proper dispersion of nanoﬂuids and various dispersion tech-
niques [13]. They also measured the thermal conductivity as
a function of ultra-sonication (physical technique) time and
showed that long hours of ultra-sonic dispersion are required
to improve particles dispersion [10]. Chemical techniques such
as the use of surfactants are also discussed. It is found that sur-
factants can play an effective role for proper dispersion of
nanoparticles without affecting nanoﬂuid’s thermo-physical
properties and heat transfer performance by ensuring higher
stability [14,15]. There are three methods in ﬂuid dispersion
technology: mechanical control, medium control, and agent
control. Mechanical control applies disintegrator, ultrasonic
oscillator, and electromagnetic stirring for particle dispersion.
Medium control applies different media to different particles
in terms of surface properties; like polarity to reach better dis-
persion effects. Agent control applies different dispersants to
different particles in terms of the physical and chemical condi-
tions of the medium to improve the rejection among particles
[16,17].
Nanoﬂuid possesses the following advantages; (a) high spe-
ciﬁc surface area and therefore more heat transfer surface
between particles and ﬂuids, (b) high dispersion stability with
predominant Brownian motion of particles, (c) reduced pump-
ing power compared with pure liquid to achieve equivalent
heat transfer intensiﬁcation, (d) reduced particle clogging as
compared with convention slurries, thus promoting system
miniaturization, and (e) adjustable properties, including ther-
mal conductivity and surface wettability, by varying particle’s
concentration to suit different applications.
Very few experimental works have been reported on the
electrical conductivity of water-based nanoﬂuids. The change
in electrical conductivity of alumina-based ﬂuids with particle
fraction and temperature was studied by Ganguly et al. [18].
They showed a linear increase of electrical conductivity with
particle fraction and almost no variation in temperature. Mod-
esto Lopez and Biswas [19] reported that a linear rise in elec-
trical conductivity of Al2O3 suspensions with particle
fraction was observed for low ionic strength and no signiﬁcant
impact for high ionic concentration. Electrical and thermal
conductivities of multi-walled CNT-based ﬂuids and electrical
conductivity of graphene and gold nanoﬂuids have been stud-
ied [20–22].
Zeta potential is an important parameter of particle suspen-
sion behavior. Due to surface energy, the well-dispersed sus-
pended particles may agglomerate with each other, leading
to precipitation. The repulsive energy of suspended nanoparti-
cles in a solution is small in general speaking. Agglomeration
may occur when the attracting energy between particles is lar-
ger than the repulsive energy. The repulsive energy, therefore,
should be improved to prevent agglomeration. As a result, a
relatively high zeta potential will confer stability of nanoﬂuid
[16,17,23].
The present study aims to investigate the effect of anion
SDBS dispersant on dispersion, viscosity, zeta potential,particle size, electrical properties of Al2O3/water nanoﬂuid
containing 50 nm alumina particles.
Materials and experimental procedures
Materials
Dry aluminum dioxide (Al2O3 nanopowder with particle
size  50 nm, SDBS acquired from sigma aldrich, and bi-dis-
tilled water were used to prepare the nanoﬂuids. The starting
alumina was characterized by X-ray diffraction (XRD) and
transmission electron microscope (TEM).
Preparation of stable nanoﬂuids
In order to break down the large agglomerates, ultrasonication
was applied for 60 min to get homogenous distribution of
nanoparticles. During the preparation of Al2O3 nanoﬂuid,
the main concern is to get homogenous and uniform suspen-
sion of nanoparticles by minimizing the diameter of agglomer-
ated nanoparticles. The agglomerated nanoparticles are settled
with time leading to poor suspension stability. So, the amount
of dispersant should be carefully selected. To determine the
suitable amount of dispersant, six samples having different
amounts of surfactant (i.e. 0.1, 0.2, 0.3, 0.6, 1 and 1.5 mass%)
were prepared with the same concentration (0.1 wt.% Al2O3)
of nanoparticles at pH 8. After selecting the optimum amount
of dispersant required for this purpose, nanoﬂuids having 0.1,
0.15, 0.2, 0.5 and 0.75 vol.%. Al2O3 nanoparticles were
prepared.
Characterization of the prepared nanoﬂuids
In order to study the effect of dispersant concentration on the
dispersion of nanoparticles, i.e. the mass% of dispersant that
exhibits minimum agglomeration and good degree of disper-
sion, optical microscope (OM) and transition electron micro-
scope (TEM) were conducted for ﬁlms of the dispersed
solution (0.1 wt% Al2O3 solution). For further conﬁrmation,
zeta potential of the dispersed nanoparticles was measured
by Malvern ZS Nano Sizer Analyzer (Marlvern Instrument
Inc., London, UK). The stability is achieved by keeping the
pH value away from the iso-electric point (IEP) which is the
point with zero potential and maximum attraction between
the particles. The viscosity and shear rate of nanoﬂuids having
different volume fractions of Al2O3 nanoparticles were deter-
mined by using Viscometer Model DV-II+. The electrical con-
ductivity of suspensions having different volume fraction of
alumina nanoparticles was measured using the digital conduc-
tometer WTW 330I according to stmp D1125 and correlated
with the thermal conductivities according to Wiedemann–
Franz law.Results and discussion
Characterization of starting nano alumina powder
Alumina nanoparticle was characterized by XRD for phase
identiﬁcation, crystallite size and crystal structure determina-
tion. Fig. 1 shows XRD of alumina nano particle. It is
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Figure 1 XRD of alumina nanoparticles.
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alpha-alumina single phase (cubic structure) with characteris-
tic peaks at 2h equal 32.7677, 37.0404, 39.5720, 45.2826,
46.7282, 60.8500 and 67.4371.
SEM is a powerful tool to characterize the shape, size and
distribution of nanoparticles. Fig. 2 exhibits SEM micrograph
of alumina nanoparticle. The primary alumina nanoparticles
are approximately spherical with an average diameter of about
20–30 nm. However, due to strong Van der Walls attractive
force, nearly all nanoparticles are in the form of dried agglom-
erates with larger dimensions than the primary particles. In
order to break down the large agglomerates, ultrasonication
is applied.
Characterization of the prepared Al2O3 nanoﬂuids
The agglomeration of nanoparticles results in not only settle-
ment and clogging but also the decrement of thermal conduc-
tivity of nanoﬂuids. So, stability analysis is a matter ofFigure 2 SEM of alumina nanoparticles.importance in context to its application. Sedimentation, centri-
fugation, spectral analysis and zeta potential analysis are the
four basic methods for evaluating stability of nanoﬂuids. The
stability of nanoﬂuids can be also detected by the electron
and optical microscopes. Optical spectroscopy uses the interac-
tion of light with matter as a function of wavelength or energy
in order to obtain information about the material. Optical
spectroscopy is attractive for materials characterization
because it is fast, non destructive and of high resolution.
TEM is reckoned as the most important tool to determine
the size distribution and the morphology of the synthesized
nanoparticles. It uses electron beam to create the image of
samples. Figs. 3 and 4 depict, respectively, the TEM and opti-
cal micrographs of 0.1 wt.% Al2O3/water nanoﬂuid having dif-
ferent dispersant concentrations. As indicated in the TEM
images (Fig. 3), the alumina nanoparticles are rod-like in
shape. However, the ﬁgures (Figs. 3 and 4) portray that the
sample with 0.1, 0.3 and 0.6 wt.% dispersant have the most
severe agglomeration, while the sample with 1 wt.% dispersant
reached better suspension. The maximum agglomeration and
settling rate are obtained for the nanoﬂuids with 1.5 wt.%.
This is due to the over loading of dispersant which agglomer-
ates the particles. Owing to the agglomeration and precipita-
tion of Al2O3/water nanoﬂuid with 1.5 wt.% SDBS
dispersant, 1 wt.% SDBS is selected as the optimum amount
for the present work.
Zeta potential of alumina nanoparticles
Major factors inﬂuencing the extraordinary enhancement of
electrical conductivity are pH value (surface charge), monodis-
persity and iso electric point (IEP). The effect of particle sur-
face charge and IEP is also exposed in varying thermal
conductivity experimental sets conducted by Lee et al., [24].
They reported that the colloidal particles get more stable and
enhance thermal conductivity of nanoﬂuid when the pH of
the solution goes far from the IEP of particles.
The pH control as an important role in stability control,
determines the IEP of suspension in order to avoid coagulation
and instability. A repulsion force between suspended particles
is caused by zeta potential which increases with the increase of
surface charge of the particles suspended in the base ﬂuid
[25,26].
The suspension stability of Al2O3 nanoﬂuids with different
pH values is analyzed via Zeta potential. The pH value of
Al2O3 nanoﬂuids is adjusted by HCl and NaOH solutions
and then their zeta potentials were measured. As shown in
Fig. 5, for the ﬂuid without dispersant, the zeta potential is
zero when the pH of Al2O3 ﬂuid is 8, which is the isoelectric
point (iep). When the pH value is greater than 8, the particle
surfaces begin to have a negative charge. The original pH value
of the prepared Al2O3 nanoﬂuid is about ﬁve. For the ﬂuids
having 0.3 and 0.6% dispersant, iep is decreased to be at pH
6.8 and 6.2, respectively, after which the particles’ surfaces
are completely negative charged i.e. more stable. The suspen-
sion has electrostatic stability due to the strong repulsive force
among charged particles which reduces the probability of coa-
lescing, thus forming more stable suspension in the alkaline
media. So, the pH value of these nanoﬂuids is adjusted to be
high. The higher pH value creates strong surface charges on
the nanoparticles and prevents aggregations. The mechanism
Figure 3 TEM images of alumina nanoﬂuids having different amounts of SDBS dispersant, (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.6, (e) 1.0, (f)
1.5 vol.%.
230 M.F. Zawrah et al.of reaction between alumina nanoparticles and SDBS disper-
sant is shown in Fig. 6.
Viscosity of alumina nanoﬂuids
Viscosity is another important property of nanoﬂuids for all
thermal applications involving ﬂuid ﬂows since it characterizes
the inertial resistance when ﬂuid ﬂows in the pipe or other sys-
tem. Quantitative information of viscosity of nanoﬂuids is
essential for industrial applications to establish adequate
pumping power as well as the convective heat transfer coefﬁ-
cient. For example, industries will reluctant to use nanoﬂuids
if the beneﬁts associated with the heat transfer enhancement
of nanoﬂuids brings heavy penalties in terms of pumping
power [27]. It is believed that viscosity is as critical as thermal
conductivity in engineering systems because the nanoﬂuid
increases in thermal conductivity without drop in pressure,
which in turn is related to ﬂuid viscosity. However, the effec-
tive viscosity of nanoparticles’ suspension depends on manyfactors, such as surface chemistry of the particle, the size and
shape of primary particle, base ﬂuid, pH, temperature and
the dispersion method. These factors affect strongly the mor-
phology of suspension of nanoparticles/nanoﬂuids [28,29] by
changing the structure of electrical double layer around parti-
cles/aggregates (electro-viscous effect) [30] and the interaction
between particles/aggregates due to attractive van der Waals
force and repulsive electrostatic force (DLVO forces) [31]. As
indicated from our study, Al2O3–water mixture increases the
viscosity compared to that of water alone. Fig. 7 shows also
the dynamic viscosity as function of shear rate for different
concentration of nanoparticles (01–0.75 vol.%). It is observed
that the nanoﬂuids with higher concentrations of nanoparticles
show shear thinning behavior but at lower concentration,
neglected effect of shear rate on viscosity is observed. In the
colloidal suspension study, the reason that the Newtonian vis-
cosity of a ﬂuid is mostly modiﬁed to be non-Newtonian comes
from the complex interactions between the ﬂuid and particles
and between particles themselves. Recently, it has been pointed
Figure 4 Optical microscope images of alumina nanoﬂuids having different amounts of SDBS dispersant, (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.6,
(e) 1.0, (f) 1.5 vol.%.
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of extended structures of linked nanoparticles in nanoﬂuid
[32–35]. The viscosity of nanoﬂuids has been affected by the
aggregations where the sizes of aggregates are between 3 and
4 times the diameter of nanoparticles [32–33]. It seems that
the existence of aggregation process can be responsible for
the present results. This can be clariﬁed as follow; (i) The
aggregation can explain the non-Newtonian viscosity of nano-
ﬂuids, i.e. the presence of a Newtonian plateau is followed by a
shear-thinning behavior at high shear rate where the aggregate
is possibly destroyed under shear, (ii) It can explain why the
non-Newtonian character of the nanoﬂuids is more obvious
at higher volume fraction where the chance of aggregation ishigher, and (iii) It can also explain why nanorods nanoﬂuids
with an aspect ratio higher than spherical nanoparticles have
a higher viscosity and a much more pronounced non-
Newtonian character. Rods are much more subject to form
aggregates or superstructures, signiﬁcantly decrease with
increasing shear rate indicating strong possibility that
nanoﬂuid may be non-Newtonian.
It is well known that, for a non-Newtonian ﬂuid behaving
either shear thinning or shear thickening features in its shear
viscosity, the low shear rate viscosity (LSV) is different from
high shear rate viscosity (HSV). In the forced convective heat
transfer ﬂow, the thermal ﬂuid ﬂows at a high speed (and high
shear rate in consequence). Thus the high shear rate viscosity is
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Figure 7 Apparent viscosity behavior of the prepared alumina
nanoﬂuids versus applied shear rate.
232 M.F. Zawrah et al.more practical and important from the engineering point of
view. Fig. 7 shows the measured HSV of Al2O3 nanoﬂuids with
different concentration of volume fraction of nanoparticles.
The increase of volume fraction of Al2O3 nanoparticles
increases the HSV.
Electrical conductivity of alumina nanoﬂuids
The major focus of the research work, so far, has been on the
estimation of thermo-physical properties, primarily on theFigure 6 Mechanism of reaction between alueffective thermal conductivity. Despite the vast scientiﬁc and
technological importance of electrical conductivity characteris-
tics of nanoparticle suspensions, studies concerning the issue of
the effective electrical conductivities of nano-ﬂuids have been
largely ignored. Also, there is very few data published on the
electrical properties of nanoﬂuids. On the other hand, among
the transport properties, electrical conductivity might bring
information on the state of dispersion and stability of the par-
ticulate suspension. The electrical conductivity was investi-
gated by conducting experiments at different volume
fractions of nanoﬂuids. The electrical conductivity of Al2O3–
water nanoﬂuid was ﬁrst measured at room temperature.
Fig. 8 shows the effective electrical conductivity of alumina
nanoﬂuids with different volume fractions. It is indicated that
the electrical conductivity of alumina nanoﬂuid increases withmina nanoparticles and SDBS dispersant.
Figure 8 The corresponding values of electrical conductivity
with different vol.% of alumina nanoparticles.
Stability and electrical conductivity of water-base Al2O3 nanoﬂuids 233the increase in volume fraction of alumina nanoparticles up to
0.2 vol.% and then begins to decrease with 0.5 and 0.75 vol.%.
The highest value of electrical conductivity, 2370 lS/cm, is
recorded for a volume percent of 0.2 at a temperature of
25.9 C which underpredicts the conductivity increase in
nano-particle ﬂuid mixtures. This is due to the fact that, apart
of the physical properties of ﬂuid as well as conductivity of
particles and ﬂuids, the effective electrical conductivity of col-
loidal nanosuspensions in a liquid exhibits a complex depen-
dence on the electrical double layer (EDL) characteristics,
volume fraction, ionic concentrations and other physicochem-
ical properties. In fact, the observed enhancement in electrical
conductivity of the suspension with respect to the base ﬂuid is
a consequence of net charge effect of the solid particle and the
pertinent EDL interactions [36,37]. When alumina particles are
suspended in a polar liquid (water in the present case), electric
charges develop on their surfaces. Ions of charge opposite to
that of the particle surface are attracted, causing the develop-
ment of a charged diffuse layer surrounding the particle. This
layer is known as electrical double layer [36] and is commonly
characterized by a parameter j  1 (Debye length). For the
present case when the ionic strength of the solution is very
low, the amount of ions in solution is insufﬁcient to compen-
sate the electric charges, and hence the net electric charge den-
sity is high on particle surfaces. The surface charge of the
particles, together with ion-cloud that constitutes the EDL,
actively contributes for the enhancement in conduction mech-
anisms through the suspension. In addition, the presence of
uniformly dispersed nanoparticles is characterized with
reduced equivalent particulate masses, leading to increase elec-
trophoretic mobility, which consequently increases the effec-
tive electrical conductivity of the nanoﬂuid suspension. With
an increase in particle volume fraction, the availability of con-
ducting path-ways increases in the solution, which in turn
increases the overall electrical conductivity of the solution.
The decrease of electrical conductivity for 0.5 and 0.75 vol.%
is due to the reduction of particle diameter produced from
the increase of surface area and the number of particles. As
the number of particles increases, the charges available for
the formation of EDL are insufﬁcient for particles. So, electro-
static attraction force becomes more than repulsion force
between nanoparticles in alumina nanoﬂuids.
Conclusion
This paper is concerned with the dispersion behavior and elec-
trical conductivity of Al2O3–H2O nanoﬂuids under differentconcentrations of sodium dodecylbenzenesulfonate (SDBS)
as a dispersant. The appropriate amount of dispersant is used
to prepare Al2O3/water nanoﬂuids having different volume
concentration of alumina. The followings are the concluded
remarks:
 The dispersion of alumina nano ﬂuids is increased with
increasing the amount of dispersion. The most stable ﬂuid
was with 1% dispersant.
 The effect of pH on the stability of alumina suspension was
critical. A good dispersion of alumina particles was
obtained with increasing the pH after iep. This is attributed
to charge build up on the surface of alumina particles.
 The viscosity of nano-ﬂuids displayed strong dependence on
Al2O3 loading. Viscosity of nanoﬂuids increased dramati-
cally with the increase of particle concentration. Higher vis-
cosity was obtained for the ﬂuid containing 0.75 vol.%.
 The addition of alumina nanoparticles on the base liquid
enhances the electrical conductivity up to 0.2 vol.% of
Al2O3 nanoparticles after which it decreased.
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